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Introduction
Bioinspiration from complex, hierarchical structures found in natural, biological molecules is a useful tool to aid scientists develop contemporary advanced functional materials for a plethora of applications. Of these, cellulose has received much attention due to increased demand for high-performance materials with tailored mechanical, physical and biological properties (Abitbol et al., 2016) . Cellulose, a polysaccharide composed of D-glucopyranose linked by −1,4 glycosidic bonds (Endes et al., 2016) , is the most abundant, renewable and biodegradable polymer in the world, found in plant cell walls, algae, marine organisms and bacteria. By natural, photosynthetic processes, plants synthesise cellulose, accounting for approximately 40% of lignocellulosic biomass. Cellulose has three hydroxyl groups (-OH): a primary hydroxyl at the C-6 position, and two secondary hydroxyls at the C-2 and C-3 positions, which play an important role in the compactness of the crystalline structure and determine its physical properties. Extensive inter-and intramolecular hydrogen bonding between -OH groups imparts structural integrity and mechanical strength to the material. Nanocellulose (NC) is an emerging class of advanced nanomaterials possessing unique physical, structural, chemical and biological properties. NC can be divided into three types of materials: (i) biomass-based cellulose nanocrystals (CNCs) or nanowhiskers, (ii) biomass-based cellulose nanofibrils, and (iii) bacterial cellulose nanofibrils. Hybrid composite blends can also be created where CNCs and fibrils are mixed to enhance physicochemical and biological properties, making them more suited to certain applications. Unique properties of NC include extraordinarily high stiffness (100-200 GPa) and strength, low density, flexibility, reactive surfaces, functionalisability, high surface area and aspect ratio, excellent biocompatibility and non-toxicity. As a result, NC research in the last decade has grown exponentially.
Production of NC range from 'top-down' approaches involving chemical, mechanical and/or enzymatic (Yarbrough et al., 2017) methods which can isolate the materials from wood and agricultural residues, to 'bottom-up' methods using bacteria to produce cellulose from glucose. The resulting nanoparticles offer unique properties with varied surface chemistry, crystallinities and mechanical properties (Abitbol et al., 2016) . Mechanical processing, typically through refining or homogenization, is relatively simple but has high energy consumption. Chemical pre-treatments, such as applying 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) functionality before mechanical treatment can minimise energy consumption. However, methods like TEMPO are associated with increased consumable costs. Bacterial cellulose has its uses (Markstedt et al., 2015) and can be produced with high purity, free from lignin and hemicelluloses. Bacterial cellulose has shown promise for tissue engineering applications due to its biocompatibility, nanostructure, water-holding capacity, high strength and morphological similarities to collagen, thereby providing good cell support (Ahrem et al., 2014; Dugan, Gough, & Eichhorn, 2013; Markstedt et al., 2015; Paakko et al., 2007) . Several studies have also demonstrated that the rheological properties of bacterial cellulose make it a suitable bioink for 3D bioprinting. However, the major drawbacks of high substrate costs, low yield of NC products and concerns regarding residual bacterial toxins/epitopes makes this method less desirable and warrants investigation of alternative sources if NC is to become a commercially viable biomaterial (Paakko et al., 2007) .
Acid hydrolysis is the most widespread chemical method to extract nanocellulose from lignocellulosic biomass (Lin, Bruzzese, & Dufresne, 2012) , creating CNCs/nanowhiskers from cellulose fibers (hydrolysis of the less ordered domains of cellulose with persisting intact crystalline domains) (Abdul Khalil, Bhat, & Ireana Yusra, 2012) . The hydrolysis kinetics between crystalline and amorphous regions of cellulose are different, leading to hydrolysis of the amorphous regions and production of CNCs (Habibi, Lucia, & Rojas, 2010) .
NC produced using American Value Added Pulping (AVAP®) technology chemically pre-treats the wood-pulp derived biomass to remove hemicelluloses, lignin and the amorphous regions of cellulose (Nelson & Retsina, 2014) . Lignin is separated from cellulose and hemicelluloses using the delignifying agent, sulfur dioxide.
Mechanisms of this process have previously been reported (Iakovlev, You, van Heiningen, & Sixta, 2014) . Resins and extractives are dissolved using ethanol. In addition, the degradation of crystalline cellulose is also reduced (Nelson & Retsina, 2014) . During the delignification process, strong lignosulfonic acids help hydrolyse the amorphous regions of cellulose (Nelson & Retsina, 2014) . Fractionation to NC fibrils dissolves approximately 90% of lignin and 90% hemicelluloses, whilst fractionation to CNCs additionally hydrolyses amorphous cellulose (approximately half of cellulose).
However, lignin-carbohydrate complex is hydrolysed in both cases and the fractionation liquor contains dissolved lignin, lignosulfonic acids and hemicellulose sugars. The resulting NC yield (with respect to softwood biomass, NC fibrils: 40 -60%;
CNCs: 20 -30%; NC blend: intermediate yield values) and morphology depends on optimized experimental parameters such as time and temperature. The AVAP® process is based on the "tunability" of the pre-treatment step. For each feedstock, the pre-treatment conditions (time and temperature) are selected to give the desired levels of fibrillation and removal of amorphous cellulose, as indicated by the degree of polymerization (DP). American Process Inc. (API), GA, USA have shown, using eucalyptus, softwood and cane straw, that two unique DP targets exist for the production of NC fibrils and CNCs after mechanical treatment. Between the two targets, a blend of NC fibrils and CNCs is produced (Nelson & Retsina, 2014; Nelson et al., 2016) . The morphological structure of NC is highly dependent on the efficient removal of non-cellulosic regions and hydrolysis of amorphous domains (Lu et al., 2013; Mondal, 2017) . Hence AVAP technology is a sustainable platform that uses low cost raw biomass and pre-treatment chemicals, a small number of process steps, low operating and capital costs, low energy consumption and creates revenue from the ethanol co-product (Nelson & Retsina, 2014; Nelson et al., 2016) .
Although the cellulose molecular backbone is common to all; surface morphology, size, chemical and physical properties can vary greatly depending upon the material source and extraction methods used (Mao et al., 2017) . The objective of this study was to examine the physicochemical properties of NC fibrils, CNCs and a novel blend of these materials produced via the AVAP® technology. The product containing fibrils and CNCs is produced in situ during production and is not a de facto blending of separate fibrils and CNC products. However, it is herein referred to as a blend for simplicity. The physical properties of these materials were characterized in terms of surface morphology (TEM, AFM and cryoSEM), chemical functional groups (FTIR), crystalline structure (XRD), thermal stability (TGA) and rheology. Determining these properties is a key aspect for structure-function relationships which could widen NC applications. For example, assessing physicochemical properties enables better prediction of cellular interactions when considering the use of NC as a biomaterial for tissue engineering. It is also important when planning functionalization with biologically active groups to improve biocompatibility and tissue generation. Linking NC structure and surface chemistry with the rheological properties of the material may also allow fine tuning of the biomaterial for 3D bioprinting applications (Kyle, Jessop, Al-Sabah, & Whitaker, 2017) .
Materials and Methods

Production of NC fibrils, crystals and blend
NC fibrils and CNCs were produced from wood chips using the patented AVAP® technology which fractionates biomass into cellulose, hemicelluloses and lignin using ethanol and sulfur dioxide. NC products were processed by American Process Inc, Atlanta, GA (Nelson & Retsina, 2014; Nelson et al., 2016; Nelson, Retsina, Pylkkanen, & O'Connor, 2015) . The final nanocellulose product morphology (NC fibrils (3 wt.% solids), CNCs (6 wt.% solids), or a novel blend of NC fibrils and CNCs (3 wt.% solids)) was controlled by the time and temperature (i.e. severity) of the pre-treatment step.
Transmission electron microscopy (TEM)
Each sample (2 mg) was dispersed in 5 mL of deionized water and sonicated for 30 minutes. After sonication 50 µL of the sample was immediately taken and further dispersed into 1 mL of deionized water to prevent coalescence. This solution (10 µL) was added to 300 mesh copper grids coated with lacey carbon film. The grid was allowed to air dry prior to staining with a 1.5% uranyl acetate solution. For staining, a drop of the uranyl acetate solution was placed on a parafilm strip and the grid inverted onto the droplet for a few seconds. The samples were then allowed to air dry. Analysis was performed on a Jeol 2100 TEM operating at 200 kV.
Atomic force microscopy (AFM)
A Bruker BioScope Catalyst (Bruker Instruments, Santa Barbara, California, USA) was used to visualize fibrils deposited on freshly-cleaved mica flakes. 150 µL of aqueous fibril solution was deposited on mica, left to air-dry at room temperature and subsequently scanned with AFM in air. MPP-21200-10 cantilevers (Bruker Instruments, Santa Barbara, California, USA) were used, with a nominal spring constant of 3 N/m and a nominal resonant frequency of 75 kHz. All imaging was conducted using Peak Force Tapping Mode at a scan speed of 1 Hz. Images were processed with first-order flattening and the dimensions of objects were calculated using Bruker Nanoscope Analysis software and ImageJ software.
AFM topographical data was also used to quantify roughness on several subregions of 250 x 10 3 nm 2 on three different 25 µm 2 areas for all NC materials. The roughness sub-routine in the Nanoscope Analysis software v1.50 was adopted, which calculates roughness using the following equation:
where RRMS is roughness (root mean square), Zi is the vertical distance of data point i from the mean image data plane and N is the number of height points in the analysed area. A minimum of 40 data points were considered for each NC material. Data distribution was evaluated using the Anderson-Darling (AD) test for normality and, since the roughness for all NC materials displayed a normal behaviour (p > 0.05), a ttest was applied to evaluate any statistical differences.
Cryo-scanning electron microscopy (cryo-SEM)
Electron microscopy was carried out using a Hitachi S4800 field emission scanning electron microscope equipped with a Quorum PPT2000 cryogenic stage.
The nano-cellulose samples were drop cast onto the SEM sample holder which was then plunged into nitrogen slush and loaded into a cryogenic preparation chamber held at -160 °C via a vacuum capsule. The samples were slowly cooled to -90 °C for 10 min in order to sublimate any surface ice, and then coated in platinum (ca. 5 nm) prior to transfer to the SEM chamber. Imaging was performed at -120 °C.
Fourier-transform infra-red spectroscopy (FTIR)
FTIR experiments were conducted using a PerkinElmer Spectrum Two TM FTIR spectrometer with a lithium tantalite infra-red detector and Universal Diamond attenuated total reflectance attachment (PerkinElmer, London, UK). The spectra were recorded in the range from 3600 to 500 cm -1 at 4 cm -1 resolution and 64 scans per spectrum in the transmission mode.
X-ray diffraction (XRD)
Samples were prepared on a microscope glass slides and allowed to dry in a silica desiccator for 72 hours. XRD data of dried nanocellulose was acquired using a D8 Discover X-ray diffractometer (Bruker Ltd.) with Cu K (0.154 nm) radiation generated at 40 kV and 40 mA. The scan parameters were set at 2 s per step with 0.05 ° step resolution in the range of 2. Subtraction of background intensity from the measure intensity of nanocellulose samples was performed.
Thermogravimetric analysis (TGA)
The thermal stability of samples was analyzed using a thermal gravimetric analyzer (PerkinElmer STA6000 Simultaneous Thermal Analyzer, London, UK). All samples were heated from 50 to 600 C at a heating rate of 10 C.min -1 under nitrogen atmosphere with a flow rate of 40 ml.min -1 .
Surface charge analysis
Zeta potential measurements (estimated as surface charge) were carried out using a Zetasizer NanoZS (Malvern Instruments, UK). The supernatants obtained after centrifugation of 2 ml of the NC suspensions (5 % (w/v)) at 5000 rpm for 30 min were analyzed. Measurements were performed in 10 steps using a Universal Dip Cell (Malvern Instruments, UK) in a cuvette, and results were an average of five replicates.
Rheology
The rheological properties of each sample (fibrils, crystals and blend) were measured using an AR-G2 (TA instruments, UK) Controlled Stress Rheometer fitted with a 40 mm diameter parallel plate geometry. Prior to each experiment, the rheometers' zero gap was set and the geometry was calibrated using rotational mapping. Approximately 1 ml of sample was carefully loaded using a spatula onto the center of the lower plate of the rheometer and the upper plate was gradually lowered onto the sample until the gap was totally filled (gaps ranged from 700 -1000 µm). Any excess sample around the edge of the geometry was trimmed using a spatula. The normal force measured at the lower plate was set at a maximum of 0.1 N to ensure that any mechanical damage to the sample during gap setting procedure was minimized. The rheometers' lower plate was controlled at a temperature of 22 °C and a vapour hood was used in order to reduce sample evaporation. 
Results and Discussion
3.1. Morphological properties.
Nanoparticle size.
The nanoparticle sizes were found from electron microscopy images using TEM ( Fig. 1) , AFM (Fig. 2) and Cryo-SEM (Fig. 3) . These techniques were used to observe the morphology of NC fibrils, CNCs and a blend.
TEM and image analysis software were used to measure the widths and lengths of the materials (Table 1) , with Fig. 1 and 2 highlighting the architecture of the NC fibrils ( Fig. 1A-D ; Fig. 2A-C) . Very long and thin nanofibers with varying degrees of entanglements can be seen. It was evident from TEM and AFM imaging that agglomeration occurred with parallel arrangements of nanostructures as reported in other studies (Kvien, Tanem, & Oksman, 2005) . The widths of nanofibers were found to be in the range of 6 -90 nm, with a mean width of 29  18 nm (Table 1) . Widths of single elemental fibrils have been reported to be as small as 3 nm when isolated from plant cell walls (Somerville et al., 2004) . Lengths of nanofibers ranged from 212 -4513 nm, with mean lengths of 1627  1252 nm and a high aspect ratio of 55, which is greater than or equal to values previously reported (Cheng, Wang, Rials, & Lee, 2007; Zhou, Fu, Zheng, & Zhan, 2012) . High aspect ratios enhance the reinforcing effect of materials, which can result in improved mechanical properties. For example, studies have also shown that the high aspect ratio of NC may facilitate an increase in fracture toughness for cement composites (Sun, Wu, Lee, Qing, & Wu, 2016) . Measurement of the lengths of NC fibrils using microscopic techniques was difficult, as many of the fibrils formed larger cellulosic entanglements. Aspect ratio plays an important role in the formation of percolated networks that improve the mechanical performances of polymer nanocomposites (Peng, Dhar, Liu, & Tam, 2011) ; aspect ratios >500 of NC fibers have been reported through careful control of mechanical and chemical parameters in the extraction process (Amiralian et al., 2015) . Nanomaterials with higher aspect ratios generally show better reinforcing ability, however, nanofibrils are known to form bundles, and their ends can be difficult to observe and measure using TEM alone due to their entangled, web-like structures (W. Chen et al., 2015) .
Observation of CNCs showed rod-like networks which were clearly visible ( (Table 1) . Lengths ranged from 44 -571 nm, with a mean length of 222  139 nm. CNCs also exhibited high aspect ratios of 49, in line with previous studies (Roohani et al., 2008; Rosa et al., 2010) . Aspect ratios of CNCs reported in this study were higher than previously reported, where different sources of materials and extraction methods have been employed (Cho & Park, 2011; Nascimento et al., 2014) .
Due to the rigid, relatively straight and highly crystalline nature of CNCs with high aspect ratios, they have shown great potential in a range of applications from barrier films and coatings in packaged foods to tissue engineering. Extensive hydrogen bonding has also been shown to promote very efficient stress transfer which makes CNCs ideal candidates as reinforcing fillers in polymers (Capadona, Shanmuganathan, Tyler, Rowan, & Weder, 2008; Endes et al., 2016) . Moreover, the hydrogen bonding capability can be manipulated on demand via switch off mechanisms through competing hydrogen bonding forming agents which has led to the fabrication of stimuli-responsive materials (Capadona et al., 2008; Capadona et al., 2007; Endes et al., 2016; Shanmuganathan, Capadona, Rowan, & Weder, 2010) .
Images of the blend show a combination of the two types of structures ( Fig. 1I -L; Fig. 2G-I) . Resulting nanostructures therefore showed a mean width of 17  12 nm, and long nanofibers with a mean length of 925  787 nm and an aspect ratio of ~55.
TEM and AFM images of the NC blend clearly showed fibrillar entanglements of NC nanofibrils interspersed with CNCs. This is especially evident in Fig. 2I where twisted nanofibrils are seen surrounded by smaller clusters of well-defined nanocrystals. It was evident that a blend of fibrils and crystals led to unique morphologies, which could potentially broaden their fields of application. This difference in morphology is quantitatively evaluated through roughness measurements using the 3D topographical data obtained with AFM ( Figure 2J ). NC crystals presented a nano-roughness of 10.8 ± 2.5 nm, significantly different from both NC fibrils and the NC blend (13.1 ± 4.8 nm and 13.4 ± 4.1 nm, respectively), which had the same roughness (t-test p > 0.05). It has been previously demonstrated, through various characterization techniques, that incorporation of CNCs into biopolymers can result in bionanocomposite materials with enhanced physicochemical properties (Kamal & Khoshkava, 2015) , however a blend of nanocrystals and fibrils has not been reported to our knowledge. 
Porosity.
Cryo-SEM was used to analyse the surface morphology, and nano-and microstructure of NC fibrils, crystals and a blend (Fig. 3) . Micrographs obtained from NC fibrils showed extensive porous fibrillar networks with varying void sizes ( Fig. 3A-B ). These pore sizes (measured using image analysis software) ranged from 104 nm to over 45 m in diameter with a mean diameter of 2827 nm ( Table 2) . Micrographs obtained from CNCs revealed a densely-packed network of randomly oriented rod-like structures with reduced porosity (Fig. 3C-D) . Pore sizes were much smaller, which was clearly evident from the micrographs and measurements. This is thought to be due to the smaller mean diameters of the CNCs compared to the fibrils. It is known that the mean pore size of fibrous networks is related to the width of the fibers (Eichhorn & Sampson, 2005) . Pore sizes therefore ranged from 87 to 1609 nm in diameter with a mean diameter of 299 nm. Micrographs of the NC blend highlighted a combination of nano/microstructures with areas of porosity attributed to the looselypacked NC fibrils surrounding more packed, less porous regions of CNCs ( Fig. 3E-F) .
Quantitatively, the blend had pore diameters ranging from 55 nm to over 12 m with a mean diameter of 934 nm. In analysing pore size distributions, it was evident that NC fibrils showed a multimodal distribution of pore diameters with the largest variation ( Fig. 4) . Approximately 40% of pore diameters were in the range 100 -750 nm, ~50%
were in the range 750 -5000nm and ~10% had diameters greater than 5000 nm.
Networks of CNCs had pore diameters that were normally distributed with approximately 85% in the range 100 -500 nm, which correlates with the micrographs.
More variation in pore size was evident in the NC blend than crystals. Wider variation was seen with the NC fibrils and the blend. The largest distribution of pore sizes (~70%) were in the range 100 -750 nm and ~4% had diameters greater than 5000 nm (Fig. 4) .
Controlling porosity of NC networks is essential for many applications, especially tissue engineering where it can influence cell adhesion, migration, proliferation and differentiation; with different pore sizes influencing different cellular processes (Harley et al., 2008; Smith, Liu, Smith, & Ma, 2009) . A wide variation in the pore sizes may both encourage cell adhesion and migration within the porous networks, a desirable property for a tissue engineering material. The NC crystal nanosurface (~100 nm) is a characteristic shown to be important for the formation of collagen fibers and ECM, whereas the micro-and macro surfaces (100 nm -100 m)
of the NC fibril formulation plays an important role in cell seeding, distribution, migration and in vivo neo-vascularisation, but lacks the nanopores for optimal cell attachment and function (Bružauskaitė, Bironaitė, Bagdonas, & Bernotienė, 2016; Smith et al., 2009 ). The broader variation in pore sizes of the NC blend formulation ( Fig. 4 ) may provide a greater variety of bioactive signals for tissue engineering.
Through modifying the surface topography by blending different formulations of NC fibrils and CNCs, it may be possible to control adhesion and differentiation of a variety of cell types. For example, osteoblasts have been shown to attach and proliferate better on rougher surfaces (200 nm) but show increased osteogenic differentiation in response to larger pore sizes (5 -8 m) (Hatano et al., 1999; Lee et al., 2004) .
For many applications, controlled permeability and high surface area are important properties. One study found that through careful control of processing conditions, porosity can range from 40 -86% with remarkably small pore diameters in the range 5 -100 nm which show potential for membrane applications (Sehaqui, Zhou, Ikkala, & Berglund, 2011) . In another study which showed potential for NC implants in cartilage tissue engineering, bovine chondrocytes were seeded into bacterial NC hydrogels and ingrowth was found to be limited due to small pore size and heterogeneity (Ahrem et al., 2014) . 
FTIR analysis.
It is evident from the FTIR spectra in Fig. 5 that little difference is seen between the individual bond vibrations within NC fibrils, CNCs and the blend, other than changes in intensity. The broad band located at ~3400 cm -1 (Label 1) was observed in all samples and was attributed to hydrogen bonding of the O-H stretching vibration which indicates the hydrophilic tendency of NC (Cintil Jose . The band located at ~2883 cm -1 is assigned to the aliphatic C-H stretching vibration (Label 2). Low intensity bands located at ~1623 cm -1 (Label 3), ~1425 cm -1 (Label 4), ~1370
cm -1 (Label 5), ~1160 cm -1 (Label 6) and ~1088 cm -1 (Label 7) are assigned to the bending vibration of the OH bond in absorbed water, CH2 symmetric bending, CH bending, C-O-C stretching and out-of-phase bending, respectively. The intense band noted at ~1025 cm -1 is associated with C-C, C-OH and C-H ring and side group vibrations (Label 8). A small band located at ~892 cm -1 is attributed to C-O-C, C-C-O and C-C-H deformation and stretching vibrations (Label 9). This band represents the glycosidic 4 C1 ring conformation deformation and the -glycosidic linkages between glucopyranose rings in cellulose (Cintil Jose . The band located at ~1425 cm -1 (Label 4) is associated with the amount of crystalline structure within cellulose, while the band at ~892 cm -1 (Label 8) is assigned to the amorphous regions of cellulose (Åkerholm, Hinterstoisser, & Salmén, 2004) . A summary of absorbance/transmission signals associated with bond vibrations within NC is highlighted in (Kubo & Kadla, 2005; C. Popescu et al., 2006; Wang et al., 2009) . It should also be noted that the presence of lignin would not diminish the potential for NC-based material applications. AVAP® technology can also produce lignin-coated NC materials for a range of applications, and it has been well documented that incorporation of lignin into nanocellulose can improve hydrophobicity which can make such materials more compatible with non-polar polymers such as polyethylene and polypropylene (Rosa et al., 2010) , and enhance impact resistance (Agrawal, Kaushik, & Biswas, 2014) . Infra-red band assignments for NC structures. (200) respectively. These polymorphs correspond to the cellulose I structure which is characterized with a parallel arrangement of two anhydroglucose chains and has been referred to as the polymorph of cellulose with the highest mechanical integrity (Paakko et al., 2007) . A low intensity peak can also be observed at 2 = 34 °, which corresponds to the plane (004) of cellulose. Fig. 6 . X-ray diffraction pattern of NC fibrils, crystals (CNCs) and blend.
Thermal stability.
The thermogravimetric analysis (in a nitrogen environment) of NC fibrils, CNCs and the blend is shown in Fig. 7 . The onset of decomposition and peak decomposition (maximum rate) temperatures are highlighted in Table 4 . The decomposition onset and maximum rate of decomposition temperatures was observed in the sequence CNCs > NC blend > NC fibrils. Hence the CNCs showed an enhanced thermal stability compared to the NC blend and fibrils. The thermal stability profiles of NC highlighted in this study were comparable to, and often more thermally stable than those previously reported (Cho & Park, 2011; Rusmirović et al., 2017) . One study found that incorporation of greater than 5 wt% microcrystalline cellulose into poly (vinyl alcohol) nanocomposites increased thermal stability, whilst concentrations below this had no significant influence (Cho & Park, 2011) . In another study, incorporation of 5 wt% CNCs into thermoplastic starches enhanced thermal stability which may prove useful for short-life applications in the food packaging industry (Montero, Rico, Rodríguez-Llamazares, Barral, & Bouza, 2017) .
The advantage of using AVAP® technology to produce such NC materials is that the process is free from sulfuric acid hydrolysis and hence NC fibrils are not functionalized with sulfate half ester groups, as they have been with more traditional methods of CNC production. It is well documented in the literature that such functionalization lowers thermal stability (Roman & Winter, 2004; Rosa et al., 2010; Zhou et al., 2012) . The replacement of hydroxyl groups by sulfated groups during acid hydrolysis reduces the activation energy for degradation due to dehydration, making them less resistant to pyrolysis, and subsequently making CNCs more susceptible to degradation at higher temperatures (Costa et al., 2015) . Furthermore, CNCs produced during acid hydrolysis have a greater number of free chain ends due to their smaller particle size, and decomposition of these chain ends starts at lower temperatures (Staggs, 2006) . For tissue engineering applications, it is therefore evident that NC can be used at physiological temperature (37 ºC) and all three formulations (fibril, CNCs and blend) remain stable well above the 121 ºC autoclave temperatures used for sterilization. However, a small amount of moisture loss was noted between 50 -140 ºC in all NC samples and it would be important to investigate the effect of autoclaving or other potential sterilization techniques on fiber nano-and microarchitecture, as well as porosity. 
Surface charge analysis.
Surface charge was evaluated by means of the zeta potential which measures the mobility of charged particles across an electric field. All NC samples in neutral water showed a negative zeta potential. The average zeta potential was determined to be -23.3 ± 5.4 mV, which highlights that the NC suspensions are stable colloids.
Understanding and manipulating surface charge is critical for most applications involving material-aqueous interfaces, such as protein adsorption, biofilm formation, drug delivery and biodistribution. In the biomaterials context, surface charge at the solid/water interface determines the electrostatic interaction between the biomaterial surface and the soluble ions, molecules and proteins from the biological environment, leading to the formation of an adsorbed protein layer that influences cell adhesion (Espanol, Mestres, Luxbacher, Dory, & Ginebra, 2016) . Negatively charged biomaterials are less likely to be internalized by cells than those that are neutral or positively charged when other parameters such as shape and size of the nanoparticles are comparable (L. Chen, McCrate, Lee, & Li, 2011) .
The AVAP® process does not introduce functional groups onto the surface, unlike other methods that use sulfuric acid hydrolysis thereby resulting in higher zeta potentials due to the anionic sulfate half ester groups added to the surface (Kim & Song, 2015) . Often the size of the zeta potentials are proportional to the length of acid hydrolysis owing to the increase in sulfate ions (Eyley & Thielemans, 2011; Kargarzadeh et al., 2012) . The NC fibrils, CNCs and blend obtained in this study comprise pure cellulose with negligible sulfur content (NC fibrils: 0.022%, CNCs: 0.023%, blend: 0.023%). In biomedicine, sulfur-containing nanoparticles have been found to be cytotoxic to mammalian cells in a concentration dependent manner (Jeong, Oh, Kim, & Jang, 2011) . A greater understanding of the in vitro and in vivo toxicological profiles of NC-based materials, especially those with surface modifications will be essential for the potential cell-based therapies this promising cellulosic material could offer.
The lack of post-hydrolysis modifications on the NC preparations in this study allows facile surface functionalization of the three hydroxyl groups resulting in promising potential for novel, advanced and multifunctional nanomaterials with improved biocompatibility and tissue generation (Bodin et al., 2007) . The concept of cellulose surface modification is not new since oxidation of cellulose creating 6carboxycellulose has been used for over seventy years in applications that range from wound dressing gauzes to hemostatic agents. Advances in organic chemistry, in particular click chemistry, has allowed various cellulose nanostructures to be modified and decorated with a plethora of molecules for a range of applications. The polyol nature of NC materials allows for limitless chemical functionalization that can potentially change hydrophilicity, aggregation state and hierarchical organization (Habibi et al., 2010) . Therefore, better manipulation of NC surface charge and chemistry may pave the way in developing smart, adaptable functionalized nanomaterials.
3.6. Rheology.
The storage (elastic) modulus, (G ′ ), loss (viscous) modulus (G ′′ ), shear viscosity as a function of shear rate, and the tangent of the phase angle (loss tangent) tan = G ′′ G ′ are shown in Fig. 8 . The storage modulus is greater than the loss modulus for all NC samples over all frequencies studied indicating a dominance of elasticity in these systems and demonstrating the presence of relatively strong interconnecting networks between nanostructures (Fig. 8A, B) . The rigidity of the NC hydrogels follows the sequence: NC blend > NC fibrils > CNCs. This is an interesting finding insofar that the NC blend produced a material with increased rigidity than NC fibrils or CNCs alone, suggesting that each component of the nanostructures combines to reinforce the resulting network (Nakajima et al., 2009) . This is further supported by imaging studies reported earlier.
Shear rate ramps were performed to investigate the flow properties of NC fibrils, CNCs and NC blend by measuring the viscosity as a function of increasing shear rate ( Fig. 8C ). All NC samples showed strong non-Newtonian, shear thinning (pseudoplastic) behaviour with the viscosity being highest in the NC blend over the entire shear rates studied. This implies that there are stronger particle-particle interactions or increased entanglements between nano-and microstructures within the NC blend compared to the NC fibrils and CNCs which would provide a better shape fidelity during bioprinting (Markstedt et al., 2015) . The origin of the shear thinning can be associated with the orientation of the NC nanostructures in the direction of shear flow as shown in Fig. 8C . Nanostructures are coiled at lower shear rates, and as this rate increases, the nanostructures disentangle until they are fully separate and their axis is aligned parallel to the direction of flow, inducing the existence of an upper Newtonian plateau in the flow curve (Bettaieb et al., 2015; Chirayil, Mathew, Hassan, words, there may be further shear thinning at higher shear rates with alignment and ordering of individual nanostructures (Orts et al., 1998) . This behaviour and concept has also been reported by others (C. J. Li et al., 2015; Ureña-Benavides, Ao, Davis, & Kitchens, 2011) . The shear thinning properties of nanocellulose gels are particularly useful in 3D bioprinting applications (Markstedt et al., 2015) .
Predominantly viscous fluids show tan  > 1, i.e. the loss modulus is greater than the storage modulus, whereas more elastic materials show tan  < 1, i.e. where the storage modulus is greater than the loss modulus. All NC samples showed dominant elastic behaviour over the entire frequency range studied (Fig. 8D) , which is typical of highly entangled systems (Kavanagh & Ross-Murphy, 1998) . Interestingly, tan  is relatively constant between each NC sample which implies that underlying structural integrity appears to be preserved. 
Conclusions
Previous characterization studies have shown NC materials to have favourable properties for diverse applications. Many studies investigating the use of NC for a variety of applications have been very promising but focused on bacterial rather than pulp-derived forms which are limited by high processing costs and low product yield.
In this study, we were able to show that all three pulp-derived NC formulations (fibril, crystal, and blends) were pure cellulose I structures, free of lignin. For applications requiring high temperatures, thermal stability was well above the 121 °C temperature normally used for steam autoclaving. Surface charge analysis revealed stable colloid suspensions with a negative surface charge (-23.3 ± 5.4 mV). The lack of post-hydrolysis modifications provides exciting implications for functionalization with various molecules, as well as the ability to combine with various natural and synthetic matrices to develop enhanced (bio)composites.
Morphologically, NC exhibited a nano-and microarchitecture with variable porosity and uniformly high aspect ratio. The fibrils formed complex entanglements with lengths measured in the micron range and nano widths. The CNC network exhibited a compact packing of nanorods with reduced porosity. The unique NC blend exhibited a combination of porous fibrillar networks and interconnecting compact nanorods similar to that described in the literature for bacterial NC. Exhibiting both nano-and micro-roughness may be useful in surface coatings and in tissue engineering where cellular adhesion, proliferation, differentiation and tissue formation are important. Rheological studies highlighted a dominance of elasticity in all variants, with the NC blend being more rigid than the NC fibrils and CNCs, indicating a double network hydrogel structure. The higher strength may be due to the interconnection between the two networks through covalent bonds and may be further strengthened through crosslinking. This could be useful for biomimetic tissue engineering scaffolds where the mechanical properties of native tissue can be closely matched. In bioprinting applications, the higher overall viscosity of NC blend versus fibrils or crystals indicates potential to better replicate micro-and macro-architecture of native tissue due to improved shape fidelity. The NC hydrogels were also shear thinning which is particularly useful in a range of coating applications.
Undoubtedly, nanocellulose has great potential for the breakthrough of a novel generation of (bio)nanomaterials. To realise the full potential of nanocellulose, it is important to control properties with reliable and reproducible production techniques.
Nanocellulose preparations made using AVAP® technology offers the potential for cost-effective, commercial-scale production of NC alongside flexibility in final product morphology, surface properties and elasticity through NC blend formulations. This adaptable process has the potential to influence a wide range of (bio)nanotechnological applications which will be enhanced through strong collaborations between academia, industry, government institutions, engineers, material scientists and clinicians.
